Introduction
============

Apoptosis is associated with various pathological disorders including cancer, autoimmunity, and neurodegenerative diseases.^[@B1]^ It is of great clinical value to detect apoptotic changes non-invasively. Especially, early detection of treatment-induced apoptosis in malignant tumors contributes to the decision of therapeutic strategy.

Phosphatidylserine (PS) on the cell membrane is a marker of apoptotic cells and is bound by Annexin V.^[@B2]^ Therefore, apoptotic cells can be detected with an Annexin V-conjugated probe. Several researchers have investigated the detection of diseased tissue, for example, with radioactively labeled Annexin V.^[@B3]--[@B6]^

Ultrasmall superparamagnetic iron oxide (USPIO) has been used as a contrast agent for molecular MRI. Generally, USPIO-based contrast agents have higher T~1~- and T~2~- relaxivities than gadolinium (Gd)-based agents,^[@B7],[@B8]^ which suggest appropriate properties as probes on MRI. In addition, they have no concern of radiation exposure and can be used in cases with renal dysfunction.^[@B9]^

Herein, we developed a new MR contrast agent, that is, Annexin V-conjugated USPIO (V-USPIO) for the detection of apoptosis. The purpose of this study was to investigate the binding potential of Annexin V-USPIO to apoptotic cells *in vitro* and *in vivo*.

Materials and Methods
=====================

Contrast agent
--------------

Annexin V binding carboxymethyl diethylaminoethyl dextran magnetite (CMEADM) USPIO particle (Annexin V-USPIO, Meito Sangyo Co., Ltd., Aichi, Japan) were newly developed for this study ([Fig. 1](#F1){ref-type="fig"}). Annexin V was prepared by a commercial protein expression kit (pET systems, Merck KGaA, Darmstadt, Germany) and complementary DNA (cDNA) for Annexin V (National Institute of Technology and Evaluation, Biotechnology Center, Tokyo, Japan). The crude Annexin V was purified on nickel-nitrilotriacetic acid (Ni-NTA) agarose affinity columns (QIAGEN, Hiden, Germany). CMEADM USPIO was synthesized according to a method described in US Patent 6165378, and chosen smaller size particles (\<20 nm) for this study. Annexin V and CMEADM USPIO were bound with amide bond using EDC/HCl (Chemical Dojin Co., Ltd, Kumamoto, Japan) and *N*-hydroxysuccinimide (NHS; Wako FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) in water solution according to the following method:

About 0.15 mg of NHS and 0.15 mg of EDC/HCl were added, respectively to 0.24 mL of CMEADM USPIO solution (conc. 25 mg Fe/mL). The mixture was reacted at 40°C in 30 min to form NHS-ester. Then, 3.1 mL of Annexin V in water solution (conc. 7.6 mg/mL) was added to the mixture and incubated at 40°C in 5 h. After the incubation, the mixture was purified by ultrafiltration cartridge (VIVASPIN 20 MWCO:100000, Sartorius Stedim, Surrey, UK) with 0.01 M tetraborate buffer pH 8.0 to remove the remaining reagents and unbound Annexin V. Finally, Annexin V-CMEADM conjugation was prepared as conc. 3.0 mg Fe/mL solution.

The hydrodynamic core size was 19 nm (Zetasizer Nano ZS, Malvern, UK) and one or two Annexin V bond per particle. The number of Annexin V was calculated from each mole ratio that Annexin V was 0.143 μmol/mL and CMEADM USPIO was 0.093 μmol/mL in that solution (= 1.5:1). The content of Annexin V was measured by BCA protein assay kit (Pierce \#23227, Thermo Fisher Scientific, Waltham, MA USA) and CMEADM USPIO was determined by spinel-type crystal theory. According to this theory, 574 of Fe atom is contained in the magnetite particle with a diameter of 3 nm. Therefore, the molecular weight of the magnetite particle is ca.32100 and the mole amount of CMEADM USPIO in that solution was calculated.

The contrast had T~1~ and T~2~ relaxivities of 11.8/mM/s (R~1~) and 91/mM/sec (R~2~) at 1.5T, respectively. Several phantoms including water with or without different concentrations of Annexin V-USPIO (0--1 mmol Fe/L) were scanned with a 1.5T commercial MR scanner using spin echo sequence with variable repetition and echo times. The signal intensity of each phantom was measured, and T~1~ and T~2~ values of each contrast concentration were calculated by fitting. R~1~ and R~2~ were estimated by plotting inverse numbers of T~1~ and T~2~ values and contrast concentrations.

In vitro *binding assay*
------------------------

Jurkat cells were incubated with 15 μM camptothecin (Camptothecin, FUJIFILM Wako Pure Chemical Industries Ltd.,) for 6 h to induce apoptosis. After washing them with phosphate buffered saline twice, apoptotic cells (5 × 10^7^ cells/ml) were suspended with 1 × binding buffer (10 × binding buffer: 50 mM CaCl~2~, 100 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 1.4 M NaCl, pH7.4) and incubated with Annexin V-USPIO at a concentration of 0.089 mmol Fe/L for 60 min. Subsequently, free Annexin V-USPIO was removed by centrifuge (4°C, 210 × g, 5 min), and only Annexin V-USPIO binding apoptotic cells were extracted. After washing them with 1 × binding buffer twice, the extracted cells were suspended with 0.6 mL of 1 × binding buffer. T~2~ relaxation of the cell suspension was measured by 0.47T nuclear magnetic resonance (NMR) spectrometer (Minispec mq20, Bruker, Billerica, MA, USA). T~2~ relaxation was also measured as control when no incubation with Annexin V-USPIO was performed.

*Apoptosis model* in vivo
-------------------------

The ethical committee on animal research at our institution approved this study. Six female C57BL/6 mice, which were seven weeks old, were prepared for *in vivo* study. EL-4 cells (2 × 10^[@B6]^) were injected subcutaneously in their flank (Charles River Laboratories Japan, Inc., Kanagawa, Japan). At 2 weeks after implantation of EL-4 cells ([Fig. 2](#F2){ref-type="fig"}), tumor-bearing mice received an intraperitoneal injection of both etoposide (67 mg/kg) (Etoposide Intravenous Infusion 100 mg, SANDOZ, SANDOS K.K., Tokyo, Japan) and cyclophosphamide monohydrate (100 mg/kg) (Endoxan, Shionogi & Co., Ltd., Osaka, Japan).^[@B10]^ Subsequently, Annexin V-USPIO (100 μmol Fe/kg) was intravenously injected after administration of anti-tumor drugs. The interval between administration of anti-tumor drugs and Annexin V-USPIO was 2 h.

Magnetic resonance imaging
--------------------------

At first, pre-MRI was scanned before Annexin V-USPIO injection at 1.5T animal imager (MR VivoL VA, DS Pharma Biomedical Co., Ltd., Osaka, Japan). Post- MRI was obtained at 2, 4, 6, and 24 h after intravenous injection of Annexin V-USPIO. As a control, post-MRI, in addition to pre-MRI, was also obtained at 4 h after injection of USPIO without Annexin V at a dose of 100 μmol Fe/kg. The scan range included the greatest tumor dimension. Mice were sacrificed after post-MRI, and the tumors were surgically removed. The tumor of another mouse was removed at 6 h after injection of anti-tumor drugs without administration of USPIO. The experimental time schedule was summarized in [Table 1](#T1){ref-type="table"}. Cases 5 and 6 were additionally set up based on the results of Cases 1--4.

Imaging parameters are shown as follows: (T~1~WI) gradient echo sequence, TR/TE = 130/2.5 ms, flip angle 90°, number of acquisition 10, acquisition time 2 min 44 s, FOV 35 mm, slice thickness 1 mm, 5 slices, matrix 128 × 128, (T~2~WI) fast spin echo sequence, TR/TE = 4000/60 ms, echo train length 16, number of acquisition 5, acquisition time 2 min 51 s, FOV 35 mm, slice thickness 1 mm, 5 slices, matrix 128 × 128.

Image analysis
--------------

Signal intensities (SIs) of tumors on pre- and post-MRI were measured on 1.5T MR animal imager in a consensus fashion by two observers (N.K. and S.Y.). As large round or oval ROI as possible was placed in a tumor and a phantom (water) on each of 5 slices scanned ([Fig. 3](#F3){ref-type="fig"}). Tumor SI was normalized with SI of a phantom. An average value of 5 normalized tumor SIs was used for evaluation. The ratio of normalized tumor SI on post-MRI for that on pre-MRI (post/pre SI ratio) was calculated.

Assessment of tumor reduction
-----------------------------

The short and long diameters of each tumor were manually measured with calipers at the times of anti-tumor drug injection and post-MRI (C.T.). The tumor volume was estimated with the following formula: Tumor volume (mm^3^) = \[short diameter (mm)\]^2^ × \[long diameter (mm)\] /2.^[@B11]^ Tumor volume change ratio (%) was defined as tumor volume at post-MRI/tumor volume at anti-tumor drug injection × 100.

Pathological assessment
-----------------------

The resected tumors were sliced with the same direction with MRI. In all mice, the entire area of the cut surface containing the greatest tumor dimension was submitted for the pathological assessment. These specimens were fixed in 10% formalin neutral buffer solution, embedded in paraffin, cut into 4-μm sections, and stained with hematoxylin-eosin. They were also stained by TdT-mediated dUTP nick end labeling (TUNEL) for detection of apoptotic cells and by Perls DAB for detection of iron. An area of positive cells for apoptotic cells or iron was automatically measured by software WinROOF (Mitani cooperation, Fukui, Japan). A percentage of this area to an area of the whole tumor was calculated. We named as TUNEL (%) and Perls DAB (%), respectively. A percentage of a necrotic area to an area of the whole tumor in hematoxylin-eosin staining, named as Necrosis (%), was also obtained. A necrotic area was calculated by encircling a ROI by visual inspection on software WinROOF. Finally, careful pathological assessment focusing on the distribution of apoptotic cells and iron was performed (A.N. and O.T.).

Results
=======

In vitro *binding assay*
------------------------

T~2~ relaxation time of the suspension containing apoptotic cells treated with Annexin V-USPIO was 286 ms, while that of control was 620 ms.

*Apoptosis model* in vivo
-------------------------

The image and pathological data were summarized in [Table 2](#T2){ref-type="table"}.

Tumor volume change ratio, which was measured in cases 1--4, ranged from 62.7% to 98.9%.

On T~1~WI the post/pre-SI ratio of the whole tumor at 4 h after injection of Annexin V-USPIO showed 1.46 ([Fig. 4a and 4b](#F4){ref-type="fig"}: Case 2), while that after injection of USPIO without Annexin V was 1.17 ([Fig. 5a and 5b](#F5){ref-type="fig"}: Case 5). The post/pre-SI ratio of the whole tumor at 24 h after injection of Annexin V-USPIO was 1.25 and did not show a high value ([Fig. 6a and 6b](#F6){ref-type="fig"}: Case 4). No gross difference in post/pre-SI ratio on T~2~WI was observed at any times ([Figs. 4c, 4d](#F4){ref-type="fig"}, [5c, 5d](#F5){ref-type="fig"}, [6c, and 6d](#F6){ref-type="fig"}).

Perls DAB (%) was the highest at 26 h after injection of anti-tumor drugs (at 24 h after injection of USPIO: Case 4). TUNEL (%) was high at 6 or 8 h after injection of anti-tumor drugs (at 4 or 6 h after injection of USPIO: Cases 2 and 3) and was low at 26 h after injection of anti-tumor drugs (at 24 h after injection of USPIO: Case 4). Necrosis (%) increased as the interval from injection of anti-tumor drugs increased. Perls DAB (%) and TUNEL (%) in Case 2 were 7.7% and 0.6%, respectively, while those in Case 5 were 2.1% and 1.0%, respectively.

The similar distribution of iron and apoptotic cells was observed in concordance with the high SI area on post T~1~WI in all of the Cases 1--4 ([Figs. 4e--4g](#F4){ref-type="fig"} and [6e--6g](#F6){ref-type="fig"}). Contrarily, the distribution of iron and apoptotic cells was quite different in case 5 ([Fig. 5e--5g](#F5){ref-type="fig"}).

Discussion
==========

Annexin V-USPIO had T~1~ and T~2~ relaxivities of 11.8/mM/s (R~1~) and 91 /mM/s (R~2~) at 1.5T, respectively. Although Annexin V-SPIO was also reported, its R~1~ and R~2~ were measured only at 3T and could not be compared.^[@B12]^ However, the R~1~ and R~2~ at 1.5T of Ferucarbotran were 8.7/mM/s and 61/mM/s, respectively.^[@B7]^ Referring to the values of R~1~ and R~2~, Annexin V-USPIO was considered to be superior to Ferucarbotran for the detectability of iron particles. MR-based approach with USPIO to apoptosis has no concern of radiation exposure and no effect on renal function. Therefore, this method can be repeated even during chemotherapy without little resistance in comparison with the nuclear medicine examination. Another potential advantage may be the visualization of the detailed localization of apoptosis within a tumor.

In this study, the suspension of apoptotic cells incubated with Annexin V-USPIO showed shorter T~2~ value compared with control (without incubation with Annexin V-USPIO), suggesting the binding potential of Annexin V-USPIO to apoptotic cells *in vitro*. Therefore, we decided to evaluate the binding potential of Annexin V-USPIO to apoptotic cells *in vivo*.

*In vivo*, the post/pre-SI ratio of the whole tumor on T~1~WI was increased and reached the maximum at 4 h after injection of Annexin V-USPIO. On the other hand, the post/pre-SI ratio after injection of USPIO without Annexin V did not show a high value. The specific binding of Annexin V-USPIO to apoptotic cells is suggested. In fact, the similar distribution of iron and apoptotic cells was observed in concordance with the high SI area on post T~1~WI. Contrarily, the distribution of iron and apoptotic cells was quite different when USPIO without Annexin V was injected instead. This results support the feasibility of Annexin V-USPIO for detection of apoptotic cells *in vivo* as well.

USPIO can be used as a T~1~-shortening agent due to its high T~1~-relaxivity. Previous studies used USPIO for T~1~WI in MR angiography and brain tumor imaging.^[@B13]--[@B16]^ It is considered to be reasonable to evaluate the localization of USPIO on T~1~WI. Contrarily, no gross difference in post/pre-SI ratio on T~2~WI was observed at any times. The imaging parameters of T~2~WI may need to be optimized. Perls DAB (%) was the highest at 26 h after injection of anti-tumor drugs (at 24 h after injection of USPIO). In this Case, 4 post/pre-SI ratio on T~2~WI was relatively low (0.91), while post/pre-SI ratio on T~1~WI was not so high (1.25) in spite of high Perls DAB (%). Pathologically, this tumor had a large necrosis (44.5%) after resection, and some degree of hemorrhage was also confirmed within the tumor. Probably, the diversity of endogenous and treatment-related hemorrhage within each tumor may account for less correlation between Perls DAB (%) and TUNEL (%). Acute cerebral hemorrhage some hours to less than 1 week old shows isointense to slightly hypointense relative to the surrounding grey matter on T~1~WI, but hypointense relative to the white matter on T~2~WI.^[@B17]^ Such a hemorrhagic change might decrease the SI on T~2~WI. On the other hand, the SI on T~1~WI appears to be less affected by acute hemorrhage. We consider that T~1~WI could be more specific to the presence of USPIO than T~2~WI. Although $\text{T}_{2}^{*}$-weighted imaging is sensitive to heterogeneity in magnetic field, it was not available due to its poor image quality in this study.

A previous *in vitro* study using EL-4 showed that Annexin V-positive cells rapidly increased by 20% at 1 h after stimulation and reached 80% at 6 h.^[@B18]^ Furthermore, apoptosis (the translocation of PS to the outer leaflet) is reported to initiate at 2 h after administration of anti-tumor drugs, to reach the maximum at 12--16 h and to continue until 24 h.^[@B19]^ Therefore, we set up several time points for evaluation. As a result, the post/pre-SI ratio of the whole tumor on T~1~WI was the highest at 4 h after injection of Annexin V-USPIO (at 6 h after injection of anti-tumor drugs). This timing can be appropriate to detect apoptotic cells *in vivo*. On the other hand, the post/pre-SI ratio of the whole tumor on T~1~WI was low at 24 h after injection of Annexin V-USPIO (at 26 h after injection of anti-tumor drugs). Although the reasons why these results were obtained are unclear, some plausible hypotheses can be proposed. They include (1) decreased binding of Annexin V-USPIO to apoptotic cells, (2) decreased amount of PS on the outer leaflet of apoptotic cells,^[@B12]^ (3) phagocytosis of apoptotic cells by activated macrophage,^[@B20],[@B21]^ and (4) decreased amount of Annexin V-USPIO due to uptake by the liver and the spleen, at 4 h or later after injection. Further investigation is necessary to prove them to be correct.

There are a few limitations in this study. First, the lack of confirmation for the presence of apoptotic cells *in vitro*. Second, the number of mice used *in vivo* was small, and a statistical analysis was not performed. Further development of Annexin V-USPIO itself, MRI parameters, injection amount of contrast and scan timing should be considered for better assessment. Although this was a preliminary study, the similar distribution of iron and apoptotic cells was observed in concordance with the region suggesting the presence of Annexin V-USPIO on MRI. Contrarily, the distribution of iron and apoptotic cells was quite different when USPIO without Annexin V was injected instead. We believe that these results obtained have a positive meaning in terms of clinical feasibility of Annexin V-USPIO in the future. Double staining of Perls DAB and TUNEL might clearly describe the difference in distribution of iron and apoptotic cells.

Conclusion
==========

A newly developed Annexin V-USPIO could have the potential for detection of drug-induced apoptosis *in vitro* and *in vivo.*
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![Characteristics of Annexin V-conjugated ultrasmall superparamagnetic iron oxide (V-USPIO).](mrms-18-142-g1){#F1}

![A tumor-bearing C57BL/6 mouse in which EL-4 cells were injected subcutaneously in its flank 2 weeks ago.](mrms-18-142-g2){#F2}

![T~2~-weighted Pre-MRI at 2 h after treatment with anti-tumor drugs. For signal intensity (SI) measurement on pre- and post-MRI, as large round or oval ROI as possible was placed in a tumor (arrows) and a phantom (water) (arrowhead) on each of 5 slices scanned. Tumor SI was normalized with SI of a phantom. An average value of 5 normalized tumor SIs was used for evaluation.](mrms-18-142-g3){#F3}

![MRI and pathology at 4 h after injection of Annexin V-conjugated ultrasmall superiron oxide (V-USPIO) for the mouse treated with anti-tumor drugs (Case 2). Tumor volume change ratio (%) was 98.9%. The tumor signal intensity signal intensity (SI) on post-T~1~-weighted MRI (T~1~WI) (**b**) was heterogeneously increased compared with that on pre- T~1~WI (**a**). The post/pre-SI ratio of the whole tumor on T~1~WI was 1.46. The tumor signal on post T~2~-weighted MRI (T~2~WI) (**d**) was similar to that on pre-T~2~WI (**c**). The post/pre-SI ratio of the whole tumor on T~2~WI was 0.97. A round-shaped phantom (water) was also described at the side of the berry in (**a**--**d**). (**e**--**g**) represent hematoxylin-eosin, Perls DAB and TdT-mediated dUTP nick end labeling (TUNEL) staining, respectively. Perls DAB (%), TUNEL (%) and Necrosis (%) were 7.7, 0.6 and 13.9, respectively. The area of rectangular dotted line in (**b**) is concordant with that in (**e**). The similar distribution of iron and apoptotic cells was observed in concordance with the high SI area on post T~1~WI (arrows).](mrms-18-142-g4){#F4}

![MRI and pathology at 4 h after injection of Ultrasmall superparamagnetic iron oxide (USPIO) without Annexin V for the mouse treated with anti-tumor drugs (Case 5). The tumor signal intensity (SI) on post-T~1~-weighted MRI (T~1~WI) (**b**) was similar to that on pre-T~1~WI (**a**). The post/pre-SI ratio of the whole tumor on T~1~WI was 1.17. The tumor signal on post T~2~-weighted MRI (T~2~WI) (**d**) was also similar to that on pre T~2~WI (**c**). The post/pre-SI ratio of the whole tumor on T~2~WI was 0.94. A round-shaped phantom (water) was also described at the side of the berry in (**a**--**d**). (**e**--**g**) represent hematoxylin-eosin, Perls DAB and TdT-mediated dUTP nick end labeling (TUNEL) staining, respectively. Perls DAB (%), TUNEL (%) and Necrosis (%) were 2.1, 1.0, and 28.1, respectively. The distribution of iron and apoptotic cells was quite different (arrows).](mrms-18-142-g5){#F5}

![MRI and pathology at 24 h after injection of Annexin V-conjugated ultrasmall superparamagnetic iron oxide (V-USPIO) for the mouse treated with anti-tumor drugs (Case 4). Tumor volume change ratio (%) was 62.7%. The tumor signal intensity (SI) on post-T~1~-weighted MRI (T~1~WI) (**b**) was similar or heterogeneously increased compared with that on pre T~1~WI (**a**). The post/pre-SI ratio of the whole tumor on T~1~WI was 1.25. The tumor signal on post T~2~-weighted MRI (T~2~WI) (**d**) was similar or slightly decreased compared with that on pre T~2~WI (**c**). The post/pre-SI ratio of the whole tumor on T~2~WI was 0.91. A round-shaped phantom (water) was also described at the side of the berry in (**a**--**d**). (**e**--**g**) represent hematoxylin-eosin, Perls DAB and TdT-mediated dUTP nick end labeling (TUNEL) staining, respectively. Perls DAB (%), TUNEL (%) and Necrosis (%) were 23.7, 0.1 and 44.5, respectively. Although the area in which apoptotic cells are observed is limited, the similar distribution of iron and apoptotic cells was observed (arrows). In this case, small foci of hemorrhage were scattered along with a large necrotic area.](mrms-18-142-g6){#F6}

###### 

Summary of experimental time schedule

  Case                                   Interval (hours)                                          Interval (hours)   
  ------ ------------------------------- ------------------ -------------------------------------- ------------------ ------------------------------
  1                                      2                  Pre-MRI Injection of Annexin V-USPIO   2                  Post-MRI Resection of tumors
  2                                      2                  4                                                         
  3      Injection of anti-tumor drugs   2                  6                                                         
  4      2                                                  24                                                        
  5                                      2                  Pre-MRI Injection of USPIO             4                  
  6      Injection of anti-tumor drugs   6                  Resection of tumors                                       

As a control, ultrasmall superparamagnetic iron oxide (USPIO) without Annexin V was injected in Case 5.

###### 

Summary of image analysis and pathological assessment

  Case   Pre tumor volume (cm^3^)   Post tumor volume (cm^3^)   Tumor volume change ratio (%)   Pre SI on T~1~WI   Post SI on T~1~WI   Post/Pre SI ratio on T~1~WI   Pre SI on T~2~WI   Post SI on T~2~WI   Post/Pre SI ratio on T~2~WI   Perls DAB (%)   TUNEL (%)   Necrosis (%)
  ------ -------------------------- --------------------------- ------------------------------- ------------------ ------------------- ----------------------------- ------------------ ------------------- ----------------------------- --------------- ----------- --------------
  1      3.48                       2.77                        79.8                            2.42               2.30                0.95                          0.46               0.41                0.90                          3.6             0.1         12.6
  2      3.54                       3.50                        98.9                            1.90               2.77                1.46                          0.49               0.47                0.97                          7.7             0.6         13.9
  3      3.81                       3.18                        83.5                            2.10               2.38                1.13                          0.48               0.48                0.99                          4.2             0.8         18.0
  4      4.62                       2.90                        62.7                            2.09               2.62                1.25                          0.47               0.43                0.91                          23.7            0.1         44.5
  5      --                         --                          --                              2.04               2.40                1.17                          0.50               0.47                0.94                          2.1             1.0         28.1
  6      --                         --                          --                              --                 --                  --                            --                 --                  --                            4.4             0.1         18.3

Tumor volume change ratio (%) was defined as tumor volume at post MRI/tumor volume at anti-tumor drug injection ×100. Perls DAB (%) and TdT-mediated dUTP nick end labeling (TUNEL) (%) represent percentages of positive-cell area to an area of the whole tumor in each immunohistochemical staining. Necrosis (%) was defined as a percentage of a necrotic area to an area of the whole tumor in hematoxylin-eosin staining. SI, signal intensity.
